Tropical cyclones remain a major threat to the lives, property and economy of communities around the South West Indian ocean, notably Southern Africa and Madagascar. Tropical cyclones occur quite frequently around this region, hence the need to be adequately prepared for the impact of climate variability and climate change on them. Previous studies have shown that global warming due to anthropogenic forces may lead to an increase in the frequency of occurrence of tropical cyclones within the region. However, there is little work done regarding the impact of this on the intensity of tropical cyclones formed. This study uses the weather research forecast (WRF) model to perform a series of simulations for tropical cyclone Enawo with the aim of investigating the effect of an increase or decrease (by 2
The results indicate that the WRF model performs reasonably well in simulating the track and windspeed of the tropical cyclone, when compared to observational data. In simulating the tropical cyclone, the WRF model shows that an increase in the SST by 2
• C generally increases the intensity of the tropical cyclone formed. This is evident in the increasing maximum precipitation rate as well as windspeed, and decreasing minimum pressure. An increase in SST also causes the emergence of a second low pressure system. On the other hand, a decrease in the SST by 2
• C leads to a minute effect in the intensity but generally acts to decrease it. This results in a smoother track path for the tropical cyclone, a decrease in the maximum precipitation rate and windspeed, and an increase in the surface pressure.
The results of this study have shown that increasing the global temperature by around 2
• C -violation of the Paris Accord -would lead to more violent and unpredictable tropical cyclones within the South West Indian ocean, and hence more destruction and loss of lives.
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Background
Tropical cyclones are one of the most catastrophic natural phenomena in occurence today. They are a deadly force of nature, wrecking havoc to coastal cities as well as inland. The ripple effect of tropical cyclone activities range from severe and destructive wind, flooding, landslides/mudslides, pollution of fresh water with sewage, storm surges, enhancing mosquito-borne diseases, amongst others. Tropical cyclones account for nine of the ten most costly inflationadjusted insurance natural disaster losses (200m dollars) between 1970 and 2009 [1] . This is is because strong windspeed from tropical cyclones have been known to destroy overhead powerlines (leading to electrocution), drown vehicles and complete overrun of low-rise building structure. Of particular concern, is the effect of tropical cyclones on tall buildings/skyscrapers in which it has been well known to distort the foundation of skyscrapers, hence, leading to a tilt in buildings structures and a domino effect of a series of skyscrapers on one another. In original loss values, tropical cyclones account for two of the five most costly economic losses and four of the five most costly insurance losses from natural disasters over the period 1950 to 2009 [2] .
Apart from the loss of property, the loss of lives due to tropical cyclones have been increasingly alarming over the last decade. A total of about 10,000 people have died each year as a direct result of tropical cyclones or other destructions emanating from it [3] . The deadliest tropical cyclone ever recorded was the cyclone Bhola which occurred in the 1970. This cyclone had an estimated death toll of between 300,000 and 500,000 lives. The most recent of such destructive nature of tropical cyclones occurred between 4th to 21st of March 2019 as a tropical cyclone named Idai made landfall twice and affected a total of 4 countries (Madagascar, Mozambique, Malawi and Zimbabwe) with a death toll of over 1000 people and several thousands more still missing. This was one of the most deadliest cyclones in the South-West Indian ocean with a damage of >1billion US dollars [4] . Countries around the South-West Indian ocean (notably Madagascar and Mozambique) are particularly vulnerable to cyclones. One of the most critical factors needed for the formation of tropical cyclones is a warm sea temperature. Hence, there is need for a proper understanding of the effect of climate change (notably sea-surface-temperature increase) on tropical cyclogenesis and variation of it's intensity and frequency with increasing sea surface temperature.
The intensity and frequency of natural disasters have generally increased in recent decades more than humans are able to adjust to. This has largely been associated with anthropogenic forces. Natural disasters possess an inherent unpredictability that makes preparation and planning an elusive task for countries. One of these natural disasters are Tropical cyclones also known as Hurricanes, Typhoons or Tornado's. The choice of name is dependent on the location (North-West Pacific -Typhoon, Atlantic and North-East Pacific -Hurricanes, South Pacific -Cyclones).
Tropical cyclones are basically strong spiraling mass of wind about a low pressure core in the South Pacific (Figure 1) . They have been known to cost billions of dollars in damages around various regions around the world. They exist as a warm-core, self-sustaining spiral of wind with surface wind reaching up to 110mph. Tropical cyclones usually originate in warm sea waters (temperature >26.5
• C) before moving and generating strong winds which are usually most destructive when they make landfall.
Tropical cyclones are categorized on a scale of 1 to 5 based on the amount of damage caused due to wind gush and speed -category 5 being the most destructive with wind gusts greater than 280kmh 
Statement of problem
The effect of anthropogenic forces in altering the climate has been profound, warranting the Paris accord in 2016. This agreement signed by over 196 state parties had a goal to keep the increase in global average temperature to well below 2 • C; and to limit the increase to 1.5
• C.
The result of sea surface temperature (SST) variation on the frequency of cyclone is not as consistent as it's effect on the cyclone intensity [5] . Observational data shows that the ideal temperature for the formation of cyclones is >26.5
• C, hence, the need to investigate how increasing/decreasing SST could affect the intensity of cyclones formed, especially in the South Western Indian ocean. The parameters used in the quantification of cyclone intensity includes rainfall, pressure, wind and precipitation rate.
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT Figure 1 : Cross section of the structure of a cyclone showing the flow of air and the location of the cyclone eye and eye wall
Aim and objectives
The aim of this research is to understand and compare the effect of increasing/decreasing sea surface temperature (SST) on the intensity of tropical cyclones formed around the South-West Indian ocean using the WRF model. This will help identify our expectation on the effect of global warming around this region, if the Paris agreement fails to be reached.
The objectives of the study is:
• Identify the rainfall, pressure and wind pattern of cyclone Enawo just as it was about to make landfall in Madagascar.
• Simulate the influence of increased temperature on the rainfall, pressure andwind speed on cyclone Enawo.
• Simulate the influence of decreased temperature on the rainfall, pressure and wind speed on cyclone Enawo.
• Make a detailed comparison on the effect of sea surface temperature change on the intensity of tropical cyclones formed.
1.4 Description of study area
Location of study area
The South-West Indian basin is one of seven known tropical cyclone basins in the world today Figure 2 . Others include the North Atlantic basin, the North-East Pacific basin, the North-West Pacific basin, the North Indian ocean basin, the South-East Indian ocean basin (Australian basin) and the South Pacific Australian basin.
The South-West Indian basin extends from longitude (30 • E to 90
• E) and latitude ranging from the equator to a little below the tropic of Capricorn. It is bounded to the north by India, to the East by Southern Africa and to the West by Australia.
Climatology of study area
The spatial distribution of tropical cyclones over the South-West Indian ocean is usually between latitude 35
• E to 95
• E, cutting across Madagascar and touching some parts of southern Africa.
Moving with respect to the easterly trading wind, tropical cyclones in this ocean basin follow a southwestward track before curving about their initial track in a southward direction where they transcend from tropical to extratropical cyclones [7] . The curve in track by cyclones in this region can also follow a south eastward track as shown in Figure 3 More intense cyclone activities occur between 10
• S and 20
• S for the South-West Indian ocean basin ( Figure 3 ). However between longitude 30
• E and 45
• E (with the channel separating Mozambique and Madagascar), there is a shift in the location of the more intense tropical cyclone activities to between 15
• S and 30
• S. This displacement in the position of the more intense cyclones could be associated to higher sea surface temperatures within the Mozambique channel, as it has known that tropical cyclones require warm SST (from Figure 3 ) to originate and be sustained.
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model The intensity of tropical cyclones over the South-West Indian ocean is quite similar to those of hurricanes and typhoons found in the North-East and North-West Pacific ocean which have a cooler SST as shown in Figure 5 2 Literature Review
Characteristics of cyclones over South West Indian ocean
The nature of tropical cyclogenesis over the South-West Indian ocean has not received enough attention as that of the North Atlantic basin or any other basin [10] . Tropical cyclones in this region appears to be the least studied in peer-reviewed literature [11] . This is because, the relative absence of land around this region would imply that tropical cyclones systems which originate in this region would rarely make landfall, and in the rare ocassion that they do, the countries affected (Madagascar, Mozambique) do not have a vibrant meterological scientific community. Most tropical systems which occur in this region affect vulnerable islands such as Madagascar (>22 million inhabitants) known for it's agro-based economy or the Mascarene Islands, which include La Réunion (870,000 inhabitants) and Mauritius (1.3 million inhabitants).
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model • latitude-longitude resolution [9] . Letters indicate the various islands or countries as in Figure 1 The total sample size is 170 months.
In the Southern Hemisphere, a single season of tropical cyclone goes from the 1st of July through to 30th of June. This corresponds with the season of the Northern Hemispheric equivalent [11] . However, historical data emphasizes that the activities of tropical cyclones in the South-West Indian Ocean (0-40
• S, 30-90
• E), tropical storms (including tropical cyclones) occur mainly from late November to April, with on average 10 per season which usually reaches a peak during the months of January and February [12, 13] .
Over the past decade, much emphasis on modelling perspectives has been given to the process in which tropical cyclones intensify and the factors influencing this. However, there is still a lack of understanding of the intensification and hence forecasting of cyclone intensity has been relatively uncertain compared to forecast of cyclone tracks [14] . Tropical cyclones Eline and Favio are examples of known cases which occured in the last decade around the South West Indian ocean where there was a sudden intensification of the storms, causing severe damage in property and loss of lives in Madagascar and Mozambique [15, 16] . Intensifications of this nature usually occurs when the cyclone passes over regions of positive upper-ocean thermal anomalies [17, 18] .
Cyclone Enawo
Cyclone Enawo was an intense tropical cyclone which struck Madagascar in March 2017. It was identified as the strongest cyclone to ever hit Madagascar after cyclone Gafilo in 2004. Cyclone Enawo killed a total of 81 people amongst other property that were destroyed.
The cyclone started off as a moderate tropical depression on the 3rd of March after which it drifted slowly while intensifying. On the 5th of march, it intensified into a tropical cyclone and on the 6th of march, it transcended into an intense tropical cyclone. On the 7th of march, cyclone Enawo made landfall over the Sava region in Madagascar just after attaining it's peak intensity with a 10 minute sustained windspeed of 205kmh −1 ( Figure 5 ). On the 9th of march, it re-emerged from the land back into the Indian ocean as a tropical depression moving South West -South, over central and Southern Madagascar, weakening into a Tropical Depression, but still damaging infrastructures, causing floods and landslides in several areas of the country [19] . The damage caused by cyclone Enawo was was felt by several municipalities of Madagascar, mainly Antalaha and Maroantsetra.
In the United nations (UN) Situation Report nr. 5 on 14 of April 2017, estimated, economic losses conducted by the CPGU (Cellule de Prevention et de Gestion des Urgences) and the World Bank was: $400 million (about 4% of annual GDP of Madagascar).
Impact of climate change on tropical cyclones
The importance of fluctuations in the intensity and frequency of tropical cyclone activities can not be over emphasized, especially since the affected population have been on a steady increase [22] . Amongst other natural disasters, tropical cyclones has been estimated to be one of the costliest in terms of loss of lives and property in the United states Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model [23]. Furthermore, recent research proposes the importance of the activities of tropical cyclones in the regulation of thermohaline circulation in the oceans [24] . This has an important feedback effect on regional and global climate.
One of the major challenges in attributing activities of tropical cyclones with climate change is to establish whether or not the changes in cyclone behaviour is not due to short term climate changes known as climate variability [5] . Only after this, can we attribute this to climate change.
According to previous theoretical research and practical observations done in the past, the intensity of tropical cyclones have been forecasted to increase with increasing global mean temperature [25, 26] . However, these trend-detection in cyclone activities with temperature has been more focussed on the frequency. The theoretical intensity that tropical cyclones could attain was modelled and hence proposed that the presence of a climate affected by greenhouse gases
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT would impact tropical cyclones by increasing their potential intensities [25] . Since then, alternative potential intensity theories has provided some support to this perspecive [27] .
The most commonly used metric for essessing the intensity of tropical cyclones is its power. This is expressed as the cubed cumulative wind speed of each storm over track it traverses. Tracks followed by cyclones differ across models, hence the power estimated. Figure 7 displays the effect of climate change on the power of tropical cyclones in different basins as described by four different climate models. Notice that the power in most basins show an alternating increase and decrease except in the North-Pacific basin which shows a consistently increasing power. 
Modelling of tropical cyclones
Tropical cyclones are described as mesoscale scale structures with a synoptic scale powerplant [28] . This implies that they are controlled by a variety of atmospheric processes. A fairly accurate model of tropical cyclones needs to account for cloud convection, sea surface temperature, wind speed amongst other processes. As such, general climate models are not suitable for modelling of tropical cyclones because fine processes are not well captured in it's coarse grids. This is in contrast with regional climate models whose higher resolution allows for these.
In modelling the potential risk of tropical cyclones, more attention is payed to it's tendency to make landfall. Therefore statistical models are built using exlusive historial data where tropical cyclones made landfall [29] . However, comparatively there are few such cases where hurricanes made landfall, thus risk assessment is somewhat difficult. This limitation of data scarcity is overcome by using historical data for cyclone which never made landfall as well, thus increasing the amount of data to be used in the contruction of the statistical model.
One of the most important considerations in modelling a tropical cyclone across a basin is it's track from genesis to dissipation. Apart from the track, cyclone intensity are also studied on a basin-wide scale. Models like the autoregressive model uses increments for direction and speed forecast with random error terms [30] . Autoregressive model that works quite differently by using latitude and longitude increments as opposed to velocity can also be explored [31] .
Other modelling paradigm exists such as the three-dimensional hurricane modeling studies using regional nested modeling approaches. However, an identified limitation of this model is that it makes use of the current climate conditions as input, obtained from single global climate model-the Geophysical Fluid Dynamics Laboratory (GFDL) R30 coupled model [26] .
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model The Weather Research and Forecasting (WRF) model is a numerical weather prediction (NWP) and atmospheric simulation system designed for both research and operational applications [32] . It's developement was a collaborative effort by NCAR, Atmospheric Administration's (NOAA), the Department of Defense's Air Force Weather Agency (AFWA) and the Center for Analysis and Prediction of Storms (CAPS) to develop a mesoscale forecasting system capable of predicting mesoscale weather and drive research opportunities into it's operations.
The ARW is one of two dynamical solvers which are a subset of the WRF model. The ARW solver combines with the NMM solver shown in Figure 8 and all other WRF components within the framework. It includes real-data and idealized simulations, various lateral boundary condition options, full physics options, non-hydrostatic and hydrostatic (runtime option) amongst others. There are no significant differences between the designs of the NMM and ARW dynamical cores except for the output of model physics [32] . The NMM core is a fully compressible, hydrostatic NWP which was later extended to include non-hydrostatic options. On the other hand, the ARW is a fully compressible, Eulerian, non-hydrostatic model with run-time hydrostatic option.
For the purpose of interpretability in the equations below,ignoring the Coriolis effect alongside variables which account for the earths curvature and diffussion,the WRF model can be configured to solve the following equations:
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model
The above equations represents the momentum equation (Navier-Stokes), continuity equation, thermodynamic equation and the equation of state respectively. Where v is the wind vector representing (u, v, w) as the velocity components in the (x, y, z) directions, g is the acceleration due to gravity, R represents the molar gas constant for dry air, Q is the heating due to adiabatic process, C p = 7 2 × R represents the specific heat capacity of dry air, while k represents the unit vector in the vertical direction. π and θ denotes the exner function and the potential temperature respectively and are defined as:
When solved, these equations estimate the state of dry air/atmosphere expressed in terms of temperature (T ), pressure (p), density (ρ) and the windspeed components (u, v, w). However, the run-time hydrostatic option for the ARW assumes hydrostatic balance for the momentum equation in the w direaction and thus represents motion in the vertical direction as a balance between the pressure gradient force (PGF) and the gravitational pull, described mathematically as:
The formulation of the model equations adapts a mass-based terrain coordinate system solved in Arakawa-C grid using Runge-Kutta third-order time integration techniques. ARW modeling system supports horizontal nesting that allows resolution to be focused over a region of interest by introducing an additional grid (or grids) into the simulation with the choice of one-way and two-way nesting procedures.
[33]
Model configuration & data description
The ARW domain for the model simulation was defined as shown in Figure 9 below using the Lambert Conformal Grid projection type for mid-latitudes centered over 0 • longitude (GMT) with a centerpoint latitude of -20.211
• and a centerpoint longitude of 59.798
• . The number of horizontal (NX) and vertical (NY) grid points chosen was 100 with an initial grid spacing of 45km and a terrestial data resolution of 10 minute.
The domain bounded by the yellow box in Figure 9 spans latitude 40
• E to 80
• E and longitude 0 • N to 40
After defining the domain, localization process of set domain was initialized. This serves to extract the terrestrial data over the area covered by the domain(s) from the large global files at the resolution(s) specified during your domain creation.
Following the localization of the domain, boundary conditions were downloaded from the National Center for Environmental Prediction (NCEP's) Climate Forecast System Reanalysis for my domain at a 6 hour frequency for 10 days (March 2nd 2017 -March 11th 2017). The boundary conditions serve as input to the ARW solver in model simulation. The output of simulations were exported as NetCDF files. These consited of a total of 37 simulation results (4 simulations per day, for 10 days).
The choice of the domain for localization and dates in which boundary conditions were obtained was guided by the choice of the tropical cyclone to be studied. Figure 10 shows the experiment design workflow for investigating the influence of increasing/decreasing sea surface temperature (SST) on tropical cyclone Enawo over the set domain. The experiment hinges on the increase and decrease of SST in the boundary condition dataset which serve as the input data for the ARW dynamical core of the WRF model.
Experiment design
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT After defining the domain for simulation, as well as the duration (2nd March 2017 to 11th March 2017) and frequency (4 hours per day) in which the boundary conditions are to be obtained, the following procedures were followed in this order for the purpose of observing the influence of temperature increase on the intensity of tropical cyclones within the domain.
• The boundary condition was used as input into the UEMS-WRF model in three phases: -Unaltered boundary condition (Control) was inputed into the WRF model for simulation and the simulation was saved as the control output of the model. This boundary condition was labelled (A) as shown in Figure 10 -The sea surface temperature for the unaltered boundary condition above was increased by 2
• C, then inputed into the UEMS-WRF model. This boundary condition was labelled (B) as shown in Figure 10 .
-The sea surface temperature for the unaltered boundary condition was then decreased by 2
• C before inputed into the UEMS-WRF model for simulation. This boundary condition was labelled (C) as shown in Figure 10 .
• The output of the model from the three boundary conditions (A, B and C) were analysed comparatively to see if there was an increase/decrease in the intensity of the tropical cyclone Enawo with increased sea surface
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT temperature. Comparison of the intensity of the tropical cyclone was based on the following variables: the maximum precipitation rate, maximum windspeed, minimum surface pressure etc. These variables were chosen amongst existing output variables from the WRF model simulation because they are variables that best identify intensity of tropical cyclones. Theoretically, the pressure and windspeed in the eye of a tropical cyclone should be lower than the surrounding. Hence, we could perform a comparative analysis of the minimum pressure for all three of our simulation scenerios.
Results and Discussion
This section discusses the result of all of experiments ran using the UEMS-WRF model for the simulation of cyclone Enawo. The first section describes the validation of WRF model results with observed data from European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 re-analysis dataset, while the second section illustrates the sensitivity of various climatological parameters to increasing/decreasing SST. After making landfall, the pressure gradually increases to about 988 HPa as it's intensity decreases and it moves through cities like Antisabe, Fiamarantosa and Toasmania. The low pressure core of the cyclone moves in a southward direction through the land until it emerges at latitude 25
• S where it's intensity decreases as it's pressure increases till it dissipates. Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT By comparison, we notice that two curls for velocity vector fields are located at longitude 52 • E and 75
Validating the Windspeed Vector
• E on the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 re-analysis data. However, these two vector curl fields are located at longitude 30
• E and 90
• E.
The magnitude of the velocity field simulated by the WRF model is seen to be larger than for the observed European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 re-analysis data reanalysis data. Maxiumum windpspeed of about 40ms −1 is identified in the WRF simulation of the cyclone location before it makes landfall. However, a maximum windspeed of about 26ms −1 is noticed from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 re-analysis data. This suggests the WRF model exaggerated the windspeed during simulation. Also, in both the re-analysis data and simulated dataset, there is a noticeable low velocity core in the location for the tropical cyclone. This is consistent with the structure expected for tropical cyclones. Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model Figure 13 (a), (b) and (c) below shows the effect of SST on the track followed by cyclone Enawo from it's genesis (2nd of March) to it's lysis (11th of March). We notice by comparing Figure 13 (a) and (c) , that decreasing the SST does not have a significant effect on the track followed by the cyclone, except for a more smoother trajectory.
On the other hand,comparing figure 13 (a) and (b), there is a more noticeable distortion in the track of the cyclone with increased SST. Between the 2nd and 4th of March, there are minute haphazard tracks in the cyclone. The most noticeable phenomena is between the 10th to 11th of March, where a lower pressure system was identified towards the East. This is due to the fact that an increase in SST creates a another cyclone which occurs simultaneously as the previous one.
This suggests that an increase in SST has a potential of increasing the number of cyclone occurences within a given time frame. Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT Figure 14 below shows how the increase in SST temperature causes an increase in the total accumulated precipitation and it's spatial distribution, as compared to when the SST was unaltered and when it was decreased by 2 • C. Figure 14  (a) shows the sum of the total precipitation for the beginning of the simulation period (2nd of March,2017) to the end of the simulation period (11th of March,2017). ,that an increase in SST causes an increase in the spatial distribution of precipitation pattern over the entire domain. Whereas, a comparison of Figure 14 (a) and (c) illustrates that a decrease in SST leads to a reduction in the spatial distribution of precipitation coverage. It is also noticed by comparing Figure 14 (a), (b) and (c), that an increase in SST leads to an increase in the cummulative total precipitation over the entire period, while a decrease in SST leads to a decrease.
Sensitivity of Total Precipitation
It is observed from Figure 14 (d) that there is a predominant positive spatial value in the difference between the simulation with SST increased by 2 • C, implying that an increase in SST leads to an overall increase in the total precipitation as well as it's spatial distribution. On the other hand, from Figure 14 (e), there is a predominant zero to negative spatial value in the difference between the simulation with SST decreased by 2
• C. This would imply that a
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT decrease in SST has an effect of decreasing the total precipitation in some areas, but on a larger scale, it has minimal effect on the precipitation.
Comparative Analysis of Variations in Selected Climatological
Variables (Maximum Precipitation Rate, Minimum Surface Pressure and Maximum Windspeed) Figure 15 illustrates the effect of sea surface temperature (SST) on the maximum precipitation rate, minimum surface pressure and maximum windspeed (velocity at 10m) for the entire domain within the simulation period which the hurricane lasts (2nd -11th March 2017). We notice the maximum precipitation rate for the control simulation (red line) has a value of about 0.020mms −1 . This value is less than the maximum precipitation rate for the simulation whose SST was increased by 2
• C (0.026mms −1 ). This is shown by the black line. Finally, a decrease in the sea surface temperature (SST) of the simulation (shown by green line) illustrates a decrease in the maximum precipitation rate to a value of 0.016mms −1 .
From these images, we can deduce that an increase in the sea surface temperature (SST) affects the intensity of the tropical cyclone by increasing it's maximum precipitation rate. Also, we can deduce that a decrease in the SST has a negative effect on the tropical cyclone by decreasing it's maximum precipitation rate. Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model
We notice a much more increased value in the vertical windspeed for the simulation with increased SST as opposed to the control simulation and that with decreased SST. For the control simulation (red line), the maximum in windspeed is at about 34ms −1 . On the other hand, for the simulation with increased SST, there is a maximum windspeed value of 38ms −1 . Finally, a decrease in the SST produces a maximum windspeed of about 28ms −1 .
The trend shows that the red-line (simulation with increased SST), is consistently higher than the control simulation (black-line) and the simulation with decreased SST (green-line), illustrating that increasing the SST has an overall effect of increasing the maximum windspeed (velocity at 10m) for the entire domain. Figure 15 (c) shows a variation in the minimum pressure for the entire domain within the simulation period which the hurricane lasts (2nd -11th March 2017).
We clearly see that an increase in sea surface temperature (shown by the black line) impacts the tropical cyclone by decreasing the minimum surface pressure. However, decreasing the sea surface temperature (SST) has an effect of increasing the minimum pressure measured for the entire domain simulated. This is observed by comparing the green-line and the red-line showing that the green-line is consitently above the black and red lines. Tropical cyclones are characterized as a low pressure system, thus, the decrease in pressure caused by increasing the SST is indicative of it's positive effect on the intensity of the tropical cyclone.
A combination of the results from Figure 15 (a), (b), (c) shows that increasing the sea surface temperature (SST) causes an overall increase in the intensity of the simulated tropical cyclone which manifests in form of increased maximum precipitation rate, decreased surface pressure and increase in the magnitude of the windspeed.
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model On the other hand, by comparing Figures 16 (a) and (c), there is no major difference in the magnitude of windspeed at the eye. However, there is a decrease in the magnitude of the windspeed at the eye wall. This is indicative of a decreasing strenght in the strenght of the tropical cyclone. Also, Figures 16 (e) shows a zero to positive difference at the eye. This indicates that a decrease in SST has little or no effect on the intensity of the this tropical cylone.
Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT Figure 18 shows the vector of windspeed component on the 6th of March for the location in which the tropical cyclone was tracked by Figure 11 to be located. The wind vector also shows a much more stronger curl vector field in Figure 18 (b), as compared with Figure 18 (a) and Figure 18 (c), indicating that an increase in sea surface temperature (SST) affects the intensity of tropical cyclone by increasing it's windspeed. Figure 18 : (a) The velocity vector field for the control simulation (b) the velocity vector field for simulation with increased sea surface temperature (SST) (c) the velocity vector field for simulation with decreased sea surface temperature (SST).
Sensitivity of Windspeed Vector

Conclusion and Recommendation
Summary
In a bid to understand the possible effect that global warming and a violation of the Paris accord could have on tropical cyclogenesis and it's intensification around the South West Indian ocean, this study investigated the influence of sea surface temperature (SST) variations in simulated tropical cyclones from the WRF regional climate model. The objective of this study was to observe the sensitivity of tropical cyclone Enawo to increase of 2 • C in sea surface temperature (SST), as well as decrease of 2
• C. The characteristics of the tropical cyclone Enawo which was observed for sensitivity analysis include the cyclone track, precipitation, surface pressure, wind speed vector and the vertical cross-section/struture of the tropical cyclone.
In order to achieve these objectives, the simulations from the WRF model was initially validated using the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 re-analysis dataset for the active period of tropical cyclone Enawo (2nd -11th March 2017). The effectiveness of the WRF model in representing the actual properties of the tropical cyclone was obtained by comparing it's output with that obtained from European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 re-analysis dataset . To investigate the role of sea surface temperature (SST) on the Simulating the influence of sea-surface-temperature (SST) on tropical cyclones over South-West Indian ocean, using the UEMS-WRF regional climate model A PREPRINT WRF simulations of the cyclone, the SST from the boundary conditions for the WRF model was increased by 2 • C before simulation. The same procedure was repeated but with a decrease in SST of 2
• C as well.
The result of the study is summarized below:
• The simulation of cyclone Enawo using the WRF model is sensitive to increase/decrease in the sea surface temperature (SST) of the boundary dataset used in the simulation. However, it is more sensitive to temperature increase than a decrease.
• Increasing the SST by 2
• C has an overall increase in the intensity of the tropical cyclone. This increase is manifested as:
-Increase in the maximum precipitation rate.
-Increase in the magnitude of the maximum windspeed.
-Decrease in the magnitude of the minimum surface pressure.
• Decreasing the SST by 2
• C has an overall decrease in the intensity of the tropical cyclone. This increase is manifested as:
-Decrease in the maximum precipitation rate.
-Decrease in the magnitude of the maximum windspeed.
-Increase in the magnitude of the minimum surface pressure.
• C has a less pronounce effect on the track followed by tropical cyclone Enawo. The decrease has an overall effect of smoothening the track followed by the cyclone. On the other hand, increasing the SST by 2
• C has a more cospicuous effect on the track followed by cyclone Enawo. This is evident in the emergence of a second low-pressure system on the 10th of March. This indicates that an increase in SST leads to an increase in the number of occurences of tropical systems.
Further work
The robustness of results obtained from this study can be improved by providing multiple simulations of tropical cyclone Enawo using different regional climate models. This would help to reinforce the confirmation of the sensitivity of tropical cyclones to sea surface temperature (SST). Further more, while the current study focusses on a single resolution, we could observe the effect of various model resolution on the results obtained.
